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SUMMARY

In this study, we evaluated the effect of a specific synbiotic on CAC (AOM/DSS-
induced colitis-associated cancer). We confirmed that the synbiotic intervention
was able to protect the intestinal barrier and inhibit CAC occurrence via upregu-
lating tight junction proteins and anti-inflammatory cytokines, and downregulat-
ing pro-inflammatory cytokines. Moreover, the synbiotic significantly improved
the disorder of the colonic microbiota of CAC mice, promoted the formation of
SCFAs and the production of secondary bile acids, and alleviated the accumula-
tion of primary bile acids in the CAC mice. Meanwhile, the synbiotic could
significantly inhibit the abnormal activation of the intestinal Wnt/b-catenin
signaling pathway significantly related to IL-23. In a word, the synbiotic can
inhibit the occurrence and development of colorectal tumors and it may be a
functional food to prevent inflammation-related colon tumors, and the research
also provided a theoretical basis for improving the intestinal microecological
environment through diet therapy.

INTRODUCTION

Colorectal cancer (CRC) is the second leading cause of cancer death worldwide, and its incidence is

gradually increasing among people under the age of 50 years.1,2 CRC is an intestinal epithelial heteroge-

neous disease with mutation accumulation and immune imbalance.3 Although the true culprit of CRC

remains be clarified, a large amount of evidence show that the incidence of CRC partly owes to inflamma-

tion of inflammatory bowel disease (IBD).4 IBD can evolve into CRC, which can be replicated with AOM

(azoxymethane) and DSS (dextran sulfate sodium) induction in mice. Anti-inflammatory drugs can

effectively suppress the progression of IBD to CRC,5,6 but these drugs are not meant for long-term use

due to their serious side effects.7 Therefore, it is urgent to develop a more effective and safer strategy

to cure IBD and prevent IBD from progressing to CRC.

Synbiotics, mainly composed of prebiotics and probiotics, can regulate the intestinal microbiota as a die-

tary intervention method. Probiotics, a kind of living microorganisms, are beneficial to health on the host,

including Bifidobacterium, Lactobacillus, Streptococcus, and so on. Prebiotics, an indigestible dietary

fiber, can selectively stimulate the growth and activity of probiotics in the colon, thereby functioning a

beneficial effect on the host,8 such as inulin, fructooligosaccharide (FOS), galactooligosaccharides, etc.9

A previous study revealed that supplementation of FOS can significantly increase the abundance of Bifido-

bacterium in the intestinal microbiota.10 Over long evolution, the mammalian colon coexists peacefully

with diverse gut microbiota, which promotes the mutual benefit between the host and the gut microbial

community.11 It has been reported that Lacticaseibacillus paracasei can relieve the symptoms of colitis

in mice.12 A previous study found that b-galactosidase secreted by Streptococcus thermophilus plays an

antitumor role and can be used as a new strategy to prevent colorectal cancer in mice.13 Similarly, prophy-

lactic supplementation of synbiotics can improve the composition of intestinal microbiota and intestinal

microenvironment, increase the abundance of bifidobacteria and Lactobacillus, and increase the concen-

tration of total organic acids (especially acetic acid).14 Furthermore, it has been revealed that synbiotics

(Lacticaseibacillus rhamnosus GG strain + dietary fiber) can significantly inhibit the proliferation of

colorectal cancer cells compared with probiotic or prebiotic treatment alone.15 Additionally, our previous

research also confirmed that the regulation of intestinal microbiota by FOS or a specific synbiotic
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(composed of FOS and 8 probiotic strains) supplement can reduce the inflammatory potential of coloniza-

tion symbionts, so as to prevent the damage of intestinal barrier in mice with DSS-induced acute colitis and

induce the regulation of immune response.16 Based on our previous study, we speculated that the synbiotic

could inhibit the CRC tumorigenesis. Thus, we investigated the role of the synbiotic in CRC tumorigenesis

and its potential mechanism in this study to provide new insight into CRC prevention and treatment.

RESULTS

The synbiotic intervention significantly improves the pathological phenotype of CAC mice

The AOM/DSS-induced colitis-associated cancer (CAC) model was used to observe the preventive effect of

the specific synbiotic on the carcinogenesis of colorectal cancer (Figure 1A). The weight of mice decreased

significantly under DSS induction, while the weight of mice recovered gradually under withdrawal of DSS.

The intervention of the synbiotic could obviously alleviate the weight loss of mice (Figure 1B). Compared

with the normal control group mice, the colon length of AOM/DSS group mice was significantly shortened,

and tumors occurred in the AOM/DSS group mice. While under the intervention of the synbiotic, the colon

length of AOM/DSS group mice was restored, and the tumor number and volume decreased significantly,

and the proportion of tumors with a diameter over 2 mm was significantly reduced (Figures 1C–1F). HE

staining showed that the colon of the control group mice presented intact colonic epithelium, intestinal

glands, mesenchyme, and submucosa. While the colon of the AOM/DSS group mice exhibited surface

epithelial erosion, crypt destruction, mucosal muscle destruction, submucosal edema, inflammatory cell

infiltration, intraepithelial neoplasia, and cancer cells. However, under the synbiotic treatment, the struc-

ture of intestinal mucosal crypts was relatively well maintained (Figure 1G).

The synbiotic intervention effectively restores colonic mucosal barrier damage in CAC mice

It is known that tight junctions play a vital role in maintaining the integrity of cells, and their loss can accel-

erate the pathogenesis and development of various gastrointestinal disease (such as IBD, irritable bowel

syndrome, and even colorectal cancer).3,17 Therefore, we further investigated the effect of the synbiotic

on the expression of tight junction proteins including zonula occludens 1 (ZO-1) and occludin. Compared

with the control group mice, the expression of ZO-1 and occludin in the AOM/DSS group mice was signif-

icantly downregulated. However, under the intervention of the synbiotic, the expression of ZO-1 and

occludin was significantly restored (Figures 2A and 2B). This result indicated that prophylactic supplemen-

tation of the synbiotic can protect the intestinal epithelial barrier by regulating tight junction proteins in

CAC mice induced by AOM/DSS.

The synbiotic intervention suppresses the inflammation in CAC mice

Inflammatory molecules are involved in various processes of colitis-related colon cancer. Thus, the expres-

sion typical pro-inflammatory and anti-inflammatory cytokines in colon tissue were tested in this study.

Compared with normal control mice, a variety of pro-inflammatory factors’ (Il1b, Il12b, Il17A, Tnf-a, Il-23,

and COX-2) expression increased significantly in mRNA level. However, under the intervention of the syn-

biotic, the mRNA expression of these inflammatory factors decreased gradually. In contrast, the mRNA

expression of the anti-inflammatory cytokines Il4 and Il10 in the colon tissue of AOM/DSS group was signif-

icantly reduced, while the synbiotic intervention upregulated significantly the expression of Il4 mRNA and

Il10mRNA (Figure 2C). Furthermore, western blotting further verified the expression of TNF-a and IL-23 in

protein level (Figure 2D). These results indicated that the synbiotic used in this study can effectively protect

the intestinal barrier by inhibiting colonic inflammatory response.

The synbiotic intervention adjust the structure of intestinal microbial community

To evaluate the effect of the synbiotic on the gut microbiota in CAC mice, the colon contents of mice were

collected and were then tested via 16S rDNA microbiota sequencing. The results showed that the number

of OTUs in AOM/DSS group mice (1583) was significantly reduced compared with the control group mice

(2112). Under the intervention of the synbiotic, the number of OTUs of AOM/DSS_Synbiotic mice

significantly recovered to 1803 (Figure S1). Alpha diversity analysis is a comprehensive index to assess

species richness (Chao1) and diversity (Shannon and Simpson index). The colonic bacterial population of

the AOM/DSS group mice significantly reduced compared with the control group mice. Under the synbi-

otic intervention, the relative abundance of intestinal microbes significantly increased, and the diversity

showed an increasing trend which was not significantly different (Figure 3A). However, principal compo-

nent analysis (principal co-ordinates analysis) showed that among the control group, AOM/DSS group,
2 iScience 26, 106979, June 16, 2023



Figure 1. The occurrence and development of tumors in AOM/DSS mice and AOM/DSS_Synbiotic

(A) The establishment of AOM/DSS-induced CAC model and the experimental protocol of the synbiotic intervention. The mice in the model group were

injected with AOM (10 mg/kg) intraperitoneally first, and then allowed to drink 2.5% DSS drinking water freely for a week, and then change to sterilized water

and drink freely for 2 weeks to recover; take this as a cycle and repeat 3 times. Mice in the intervention group are gavaged with the synbiotic intervention

preparations every day.

(B) The average weight change percentage of mice.

(C and D) Comparison of the colon length among different groups.

(E and F) Comparison of tumor number and size among mice.

(G) HE staining of colon tissue (ruler, 50mm). (Statistical analysis of data is expressed by meanG SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n =

5–10, Student’s t-test.).
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and the AOM/DSS_Synbiotic group, the similarities and microbiota structure were significantly different

(Figure S2). Therefore, we further investigated the classification spectrum of bacteria at the phylum level

(Figure 3B). 19 phyla were detected in all samples, among which Bacteroidetes and Firmicutes were the

most abundant phyla. Compared with the normal control group, the relative abundance of Firmicutes

significantly reduced, the relative abundance of Bacteroidetes increased (Figure S3), and the ratio of Firmi-

cutes to Bacteroidetes significantly decreased in the AOM/DSS group. However, the synbiotic intervention

significantly reversed this trend (Figure 3C). Under the synbiotic intervention, Burkholderiaceae,
iScience 26, 106979, June 16, 2023 3



Figure 2. The synbiotic supplementation prevented the loss of epithelium tight junction proteins in AOM/DSS-induced CAC mice

(A) qRT-PCR was used to detect the mRNA expression of ZO-1 and occludin in colon tissues of mice;

(B) Western blotting was used to detect the expression of ZO-1 and occludin in colon tissues of mice;

(C) qRT-PCR was used to detect the mRNA expression of cytokines in colon tissues of mice;

(D) Western blotting was used to detect the expression of TNF-a and IL-23 in colon tissues of mice. (Statistical analysis of data is expressed by meanG SEM;

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, (n = 5–10), Student’s t-test.). COX-2, Cyclooxygenase-2; TNF-a, Tumor necrosis factor alpha; ZO-1, Zonula

occludens 1.
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Peptococcaceae, and Deferribacteraceae showed an increasing trend at the family level, while Pasteurel-

laceae, Streptococcaceae, Sphingomonadaceae, Pseudomonadaceae, and Enterococcaceae significantly

reduced (Figure S4). These results demonstrated that the variation of types of colonic microorganisms

occurred under the synbiotic intervention.
4 iScience 26, 106979, June 16, 2023



Figure 3. 16S rDNA sequencing tested gut microbes in CAC mice induced by AOM/DSS

(A) a diversity analysis, which are Chao 1 index, Simpson index, Shannon index, respectively.

(B) Statistical analysis of gut microbes at the phylum (L2) level.

(C) Ratio of Bacteroidetes to Firmicutes in each group.

(D) Comparison of key different species at the genus level in each group.

(E) Statistical analysis of different species Akk at the species level. (Data were presented as mean G SEM; *p < 0.05, **p < 0.01, ***p < 0.001, n = 4–10,

Student’s t-test.).
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Additionally, certain conditional pathogenic bacteria significantly increased in the AOM/DSS group, such

as Escherichia-Shigella, Bacteroides_fragilis, Acinetobacter, Anaerotruncus, and Fusobacterium nuclea-

tum, while the relative abundance of beneficial bacteria remarkably decreased, such as Lactobacillus, Bifi-

dobacterium, Ruminococcus Roseburia, Butyricicoccus, Faecalibacterium, Roseburia, Subdoligranulu, and

Clostridium leptum. Under the synbiotic intervention, the abundance of colonic beneficial bacteria in the
iScience 26, 106979, June 16, 2023 5



Figure 4. Screening key differential metabolites of mouse colon contents using non-targeted metabolomics methods

(A) According to the significant difference in colon content, the metabolite TOP-20 was used to draw a bubble chart of metabolic pathway enrichment.

(B)Analyzing the levels of tryptophan in colon contents (L-tryptophan, asparaginyl-tryptophan, 5-hydroxy-L-tryptophan) and the levels of tryptophan

metabolites (IPA, IAA, and IA).

(C) Statistics of the difference levels of bile acids (CA, CDCA, DCA, and LCA) in the colon contents of each group.

(D) Comparing the intestinal SCFA (acetic acid, propionic acid, butyric acid, and valeric acid) content among different groups. (Data are presented as

mean G SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n = 5–10, Student’s t-test.).
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AOM/DSS group could recover to normal levels (Figures S5 and 3D) and Roseburia, Subdoligranulu, and

C. leptum (Figure S6) decreased remarkably. With the synbiotic intervention, the abundance of gut bene-

ficial bacteria in the AOM/DSS group mice can restore to normal levels.

Subsequently, we further compared the different bacteria at the species level, and the probioticAkkerman-

sia significantly increased in the mice treated with the synbiotic (Figure 3E). These above results demon-

strated that the intervention of the synbiotic can effectively alleviate the disorder of the intestinal

microbiota structure during the tumorigenesis of CAC, which further suppress gut inflammation and the

oncogenesis and development of CAC.

The synbiotic can regulate the metabolism of tryptophan and bile acid, and promote the

production of SCFA by the intestinal microbiota

The influence of gut microbes on the host involves a series of complex interactions between the host-

microbe axis. However, small-molecule metabolites are the key to coordinating this interaction.18,19 Inves-

tigating the metabolic alternations caused by gut microbes are contributed to understand the biochemical

mechanism of the synbiotic suppressing AOM/DSS-induced CAC tumorigenesis. Therefore, non-targeted

metabolomics was performed to analyze the metabolites in the colon contents of mice. Metabolomics re-

sults showed that metabolites of colon contents were significantly different among different groups (Fig-

ure S7), which involved tryptophan metabolism and bile acid metabolism (Figure 4A). The levels of
6 iScience 26, 106979, June 16, 2023
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L-tryptophan, 5-hydroxy-L-tryptophan, and asparaginyl-tryptophan in the AOM/DSS group significantly

increased. The levels of indole acetic acid (IAA), indole propionic acid (IPA), and indole acrylic acid (IA)

significantly reduced in the AOM/DSS group (Figure 4B). Compared with the normal control group, primary

bile acid including cholic acid and chenodeoxycholic acid significantly accumulated, and the levels of sec-

ondary bile acid including deoxycholic acid and lithocholic acid significantly decreased in the AOM/DSS

group. The variation of thesemetabolites was obviously reversed with the intervention of the synbiotic (Fig-

ure 4C). Additionally, short-chain fatty acids (SCFA) are produced by intestinal microbiota, especially

Lactobacillus and Bifidobacterium.20 Under the synbiotic intervention, bacteria producing SCFA signifi-

cantly increased (Figure 3D), and the content of four SCFAs remarkably increased (Figure 4D). Combined

with previous reports,21 we speculated that the synbiotic may inhibit the growth of specific pathogens in

CAC mice by increasing SCFA production, thereby suppressing the occurrence and development of

inflammation and tumors.
The synbiotic promotes apoptosis and inhibits proliferation by inhibiting the Wnt/b-catenin

signaling pathway

To further explore the potential molecular mechanism of the synbiotic affecting the tumorigenesis and

development of CAC, we performed transcriptome sequencing to test colon tissue. Differently expressed

genes underwent pathway analysis using KEGG database. The results indicated that the Wnt/b-catenin

signaling pathway played a key role in the process that the synbiotic modulated the occurrence and

development of CAC (Figure 5A). In addition, the previous results showed that among all the inflammatory

factors, IL-23 levels presented the most significant reduction under the synbiotic intervention in the CAC

mice. Therefore, we further analyzed the correlation between IL-23 and Wnt/b-catenin signaling pathway

based on the value of cor, and cor>0 or cor<0 presented a positive or a negative correlation, respectively.

The results demonstrated that IL-23a was positively correlated with 23 genes (including Dkk2, Notum,

Axin2, Nlk, Wif1, Tcf, Ccnd1, Mmp, Wnt 6, Wnt10a, Senp2, Vangl2, Lef 1, Vangl1, Nkd1, Fzd, Wnt16,

Wnt3, Bambi, Nfatc3, Wisp1, and Gsk3b), and was negatively correlated with Sfrp2 gene of Wnt/b-catenin

pathway (Table S2).

Furthermore, western blot was performed to verify the results of transcriptome sequencing. We found that

the expression of Wnt3a, FZD9 (Frizzled9, a Wnt receptor), and b-catenin in protein level significantly

increased in the AOM/DSS group mice, which could be significantly reversed with the synbiotic interven-

tion (Figure 5B). Additionally, the expression of Wnt/b-catenin pathway downstream genes also signifi-

cantly upregulated in the AOM/DSS group, including transcription factor LEF (lymph enhancement factor)

and TCF (T cell factor) (Figure 5B), and target gene c-myc and cyclin D1 (Figure 5C). Moreover, anti-

apoptotic protein Bcl-2 (B-cell lymphoma-2) was significantly upregulated and pro-apoptotic protein

Bax (BCL2-associated x) was significantly downregulated in the AOM/DSS group (Figure 5C). While the

expression of these previously described genes could be reversed under the synbiotic treatment (Fig-

ure 5C). Then, we verified the expression of wnt3a and b-catenin mRNA with qPCR (Figure S8). At the

same time, we used IHC staining to detect the expression of the cell proliferation index Ki67, and the pos-

itive rate of Ki67 in AOM/DSS group was significantly higher than that in the control group and AOM/

DSS_Synbiotic group (Figure 5D).

These above results suggested that in the CAC model mice induced by AOM/DSS, the Wnt/b-catenin

signaling pathway is abnormally activated, which promotes the proliferation of cancer cells, inhibits

apoptosis, and is accompanied by increased IL-23-mediated inflammation; while the intervention of the

synbiotic can suppress the occurrence and development of CAC by inhibiting the activation of this

pathway.
DISCUSSION

AOMandDSS are genotoxic and non-genotoxic colonic carcinogens, respectively. Continuous administra-

tion of low concentrations of DSS and a certain dose of AOM can produce powerful tumor-promoting

activities.22 To evaluate the effect of the synbiotic in the occurrence of colon cancer, AOM/DSS-induced

CAC mouse model was established in this study. The pathological phenotypes, expression levels of tight

junction proteins, inflammatory cytokine, and the alterations of intestinal microbes of mice were tested in

the present study.
iScience 26, 106979, June 16, 2023 7



Figure 5. The synbiotic might inhibit the Wnt/b-catenin signaling pathway in mice and inhibit the occurrence and development of tumors

(A) Top-20 bubble chart of mRNA expression in the KEGG enrichment signaling pathway. Transcriptome sequencing of each group of colon tissues, and

then based on the KEGG database, the attribution prediction of signal pathways for differentially expressed genes was performed.

(B and C) Western blot was used to verify the expression of key proteins in the Wnt/b-catenin signaling pathway.

(D) IHC analysis of Ki67 expression level (ruler, 50 mm). (The analysis of data is presented as mean G SEM; *p < 0.05, **p < 0.01, ****p < 0.0001, n = 3–10,

Student’s t test.).
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The results showed that compared with control group mice, the AOM/DSS group mice presented lighter

weight, shorter colonic length, and colonic tumorigenesis. However, these pathological phenotypes were

partly recovered with the synbiotic intervention, which suggested that the synbiotic might inhibit the CAC

tumorigenesis. Tight junction protein and inflammatory factors play a crucial role in maintaining cell-to-cell

integrity, and increasing intestinal permeability has become an important hallmark of CAC.23 Intestinal

inflammation can obviously affect the function of intestinal epithelial barrier. Intestinal stem cells were

exposed to the inflammatory microenvironment that can induce gene mutation, or make stem cells close

to the active inflammatory cells that release genotoxic compounds, resulting in the destruction of intestinal

barrier,24 resulting in the increase of molecular infiltration such as lipopolysaccharide (LPS), and then abnor-

mally activate the host immune system, thus aggravating the inflammatory microenvironment.23 This study

found that the expression of ZO-1, occludin, IL-4, and IL-10 was significantly upregulated in AOM/DSS-

induced CAC mice and the synbiotic was capable to suppress their expression.

Disturbance of the intestinal microbiota can lead to immune system disorders, thereby promoting the

occurrence and development of CAC. The tumor microenvironment formed during the process from intes-

tinal inflammation to CAC will also disrupt the intestinal microecological balance, with an increase in

pathogenic bacteria and a decrease in probiotics.3 Studies have demonstrated that the intestinal micro-

biota of healthy people was dominated by Firmicutes,25 and Bacteroides can damage the barrier function

of epithelial cells under certain conditions, which is conducive to the occurrence of chronic inflammation.26

The ratio of Bacteroides to Firmicutes (B/F ratio) is an indicator of the health of intestinal microbes.27,28 In

addition, reducing pro-inflammatory cytokines (such as IFN-g, TNF-a, and IL-1b) and increasing anti-inflam-

matory cytokines (such as IL-4 and IL-10) can inhibit the occurrence of inflammatory reactions.29 This study

showed that in the gut of CAC mice, the relative abundance of the phylum Firmicutes was significantly

reduced, the relative abundance of the phylum Bacteroides increased, and the (B/F) value significantly

raised, indicating that the intestinal microbiota of CAC mice was imbalanced. Further analysis found

that some conditional pathogens and pathogenic bacteria such as pathogenic Escherichia coli, Enterotoxi-

genic Bacteroides fragilis, and Shigella significantly increased in the CAC model group. Correspondingly,

the levels of pro-inflammatory cytokines such as TNF-a and IL-1b increased, and the relative abundance of

probiotics (such as Bifidobacterium, Lactobacillus, and Ruminococcus) was significantly reduced, which

may induce and aggravate the oncogenesis and progress of colorectal cancer. After the synbiotic interven-

tion, the abundance of these probiotics could recover to normal levels, and the expression of anti-inflam-

matory cytokines IL-4 and IL-10 also increased. The rising of probiotics and anti-inflammatory factors was

able to relieve mouse colitis and suppress the tumorigenesis and development of CAC. Therefore, our

research also confirmed that the synbiotic can significantly increase the relative abundance of beneficial

bacteria and reduce the relative abundance of pathogenic bacteria, thereby alleviating colon inflammation

and inhibiting the occurrence of CAC.

Intestinal microorganisms can metabolize host nutrients (such as sugar, fat, and protein) and convert them

into a variety of metabolites including SCFAs, amines, secondary bile acids, indole, sulfides, and so on.

SCFAs can not only have anti-inflammatory function by regulating the chemotaxis of immune cells, promot-

ing the release of reactive oxygen species and cytokines, but also promote intestinal development by

improving intestinal morphology, reducing cell apoptosis, and maintaining the intestinal barrier.30,31 Addi-

tionally, butyric acid can also induce colon cell apoptosis and inhibit colon cancer cell proliferation by

blocking histone deacetylase-regulated gene expression.32 Our results indicated that SCFAs in the colon

contents of CAC model mice significantly reduced, which might be related to the decrease of SCFA-pro-

ducing bacteria. After the synbiotic intervention, butyric acid-producing bacteria and SCFAs significantly

increased in AOM/DSS mice, thereby inhibiting the occurrence of inflammatory reactions, preventing

the destruction of the intestinal barrier and inhibiting the occurrence of CAC. Tryptophan can be converted

into indole-containing molecules with biological activity by bacteria, which activate aryl hydrocarbon

receptors and downregulate the production of inflammatory cytokines, improve intestinal barrier function,

and suppress colon inflammation.33–35 The intestinal symbiosis Peptostreptococcus can produce special

indole derivative indole propionic acid, induce mucin gene expression, and activate the NRF2 pathway

to inhibit intestinal inflammation.33 Bacteroides can metabolize tryptophan into the precursor of serotonin

that can function multiple effects by binding to different 5-hydroxytryptamine (5-HT) receptors and

regulate intestinal inflammation.36 The present study showed that compared with the normal group

mice, tryptophan and 5-HT significantly accumulated, and tryptophan metabolites IAA, IPA, and IA levels

significantly dropped in the colon contents of CAC model mice. However, this study showed that the
iScience 26, 106979, June 16, 2023 9
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imbalanced microbial tryptophan metabolism was significantly restored under the synbiotic intervention,

which may be attributed to the intervention of intestinal microbes in tryptophan metabolism. Previous

studies revealed that tryptophan metabolism was able to improve the intestinal barrier function and acti-

vate the immune system.37 Primary bile acids are produced by the host and aremodified by bacteria such as

Lactobacillus and Bifidobacterium to form secondary bile acids with anti-inflammatory activity.38 High

concentration of primary bile acid (deoxycholic acid) can inhibit the growth of Lactobacillus and Bifidobac-

terium, and promote the occurrence of intestinal tumors.39 This study demonstrated that compared with

the normal control group, the primary bile acid in the colon content of the CAC mouse model group

significantly enriched, and the secondary bile acid level significantly reduced. While under the treatment

of the synbiotic, the levels of intestinal metabolites could gradually return to normal levels, which might

be related to the increasing relative abundance of lactobacilli and bifidobacteria.

Abnormal activation of Wnt/b-catenin signaling pathway is considered to be the main factor leading to the

oncogenesis of CRC.40 This study found that the expression ofWnt3a was significantly increased in the CAC

model group mice. The expression of the transmembrane frizzled receptor (FZD9) was significantly

upregulated, and b-catenin was significantly accumulated in the nucleus. The expression of TCF/LEF

transcription factors in the nucleus was also significantly increased, which started and enhanced the expres-

sion of downstream target genes cyclin D1, c-Myc. However, the synbiotic intervention could significantly

promote the expression of intestinal mucosa-related proteins and inhibit the activation of Wnt/b-catenin

signaling pathway. Previously, Neurath et al. suggested that colon cancer growth could be regulated by

affecting the expression of IL-23R. Our results also showed that upregulation of IL-23 was significantly

associated with activation of the Wnt/b-catenin signaling pathway.41 It has also been shown that the use

of probiotic L. rhamnosus GG reduces the expression of NF-kB, b-catenin, and COX-2 in colon cancer

tissues.42 Moreover, activation of the Wnt signaling pathway is associated with the expression of cytokines,

leading to the upregulation of the pro-inflammatory cytokine TNF-a,43 and the upregulated TNF-a in turn

can induce the expression of b-catenin.44 Our results also showed that the expression of TNF-a was upre-

gulated and Wnt signaling pathway was activated in the intestine of CAC mice, which could be reversed

after supplementing the synbiotic. Thus, we speculated that the probiotics might regulated TNF-a expres-

sion viaWnt signaling pathway in this study, which need further be verified. In summary, these above results

suggested that the probiotics may exert antitumor effects by inhibiting the activation of Wnt/b-catenin

signaling pathway by regulating the inflammatory response.

This study confirmed that the synbiotic supplementation could inhibit the intestinal barrier damage and the

occurrence of intestinal cancer in CAC mice. The synbiotic supplementation significantly upregulated the

expression of tight junction proteins including ZO-1, occludin, and anti-inflammatory cytokines, and down-

regulated the expression of pro-inflammatory cytokines. Moreover, the synbiotic significantly improved

colonic microbiota disorder of CAC mice, and promoted the production of SCFAs and secondary bile

acids, and alleviated the accumulation of primary bile acids in the intestinal contents of AOM/DSS mice.

Finally, the synbiotic could significantly inhibit the abnormal activation of intestinal Wnt/b-catenin signaling

pathway. This study suggested that the synbiotic may be a functional food to prevent inflammation-related

colon tumors, and also provided a theoretical basis for improving the intestinal microecological environ-

ment through diet therapy.
Limitations of the study

In this study, there exist some limitations. Firstly, the effect of inflammatory factors (such as TNF-a and IL-23)

on the activation of Wnt/b-catenin signaling pathway should be further investigated. Secondly, the exper-

iment was only performed on mice and without cells data, which are more meaningful for the application of

the synbiotic. Thirdly, this did not further reveal the effect and mechanism of the differential metabolites

caused by key differential bacteria to immune system or Wnt/b-catenin signaling pathway.
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Antibodies

Beta Actin Polyclonal antibody Proteintech Cat# 20536-1-AP; RRID: AB_1-700003

TNF Alpha Monoclonal antibody Proteintech Cat# 60291-1-Ig; RRID:AB_2833255

Occludin Polyclonal antibody Proteintech Cat# 27260-1-AP; RRID:AB_2880820

ZO-1 Polyclonal antibody Proteintech Cat# 21773-1-AP; RRID:AB_10733242

IL23 Monoclonal antibody Abmart Cat# T58544 RRID:AB_2935661

Wnt3 Monoclonal antibody Abmart Cat# TD13430 RRID:AB_2935662

FZD9 Monoclonal antibody Abmart Cat# TP72258S RRID:AB_2935663

b-catenin Monoclonal antibody Abmart Cat# T53523S RRID:AB_2935664

LEF1 Monoclonal antibody Abmart Cat# T55350 RRID:AB_2935665

TCF4/12 Monoclonal antibody Abmart Cat# TP74355 RRID:AB_2935666

Bax Monoclonal antibody Abmart Cat# T40051 RRID:AB_2910262

Bcl-2 Monoclonal antibody Abmart Cat# T40056 RRID:AB_2929011

C-myc Monoclonal antibody Abmart Cat# T55150 RRID:AB_2934184

Ki67 Monoclonal antibody Signalway Antibody (SAB) Cat# 38019 RRID:AB_2935682

Bacterial and virus strains

Lactobacillus acidophilus TYCA06 Hunan Tian’an Biotechnology Co., LTD NA

Lacticaseibacillus rhamnosus F-1 Hunan Tian’an Biotechnology Co., LTD NA

Bifidobacterium adolescentis BH-20 Hunan Tian’an Biotechnology Co., LTD NA

Bifidobacterium longum BC536 Hunan Tian’an Biotechnology Co., LTD NA

Bifidobacterium animalis bb12 Hunan Tian’an Biotechnology Co., LTD NA

Limosilactobacillus reuteri GL-104 Hunan Tian’an Biotechnology Co., LTD NA

Lactobacillus bulgaricus 11842 Hunan Tian’an Biotechnology Co., LTD NA

Streptococcus thermophilus Hunan Tian’an Biotechnology Co., LTD NA

Chemicals, peptides, and recombinant proteins

AOM Sigma-Aldrich A5486

DSS MP Biomedicals 160110

Critical commercial assays

FOS Shaoshan Changbaitong

Biotechnology Co., LTD

P95S

HE dye solution set Servicebio G1003

DAB Servicebio ZLI-9017

BCA kit CWBIO Co. Ltd CW0014S

ECL chemiluminescence solution Monad Biotech. Co. Ltd. 130231

TRIzol reagen BeijingDing-guo-chang-sheng

Biological

NEP019

Evo M-MLVRT Kit with gDNA Clean for qPCR Accurate Biology AG11705

SYBR� Green Premix Pro Taq HS qPCR Kit Accurate Biology AG11701

DNeasy PowerSoil Kit QIAGEN 12888

QIAamp 96 PowerFecal QIAcube HT kit QIAGEN 51531

Qubit dsDNA Assay Kit Life Technologies Q32854

Tks Gflex DNA Polymerase Takara R060B

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

mirVana� miRNA ISOlation Kit Ambion 1561

Trustee Stranded mRNA LTSample Prep Kit Illumina RS-122-2101

Deposited data

16S rRNA gene sequencing data This paper NCBI: SAMN23929712

Experimental models: Organisms/strains

Balb/cSlac,mus musculus SLAC LABORATORY ANIMAL NA

Oligonucleotides

Primers for gapdh, occludin, ZO-1,

COX-2, Tnf-a, Il17A, Il23, Il12b, Il1b,

Il4, Il10, wnt3a, b-catenin, see Table S1

This paper N/A

Software and algorithms

Image J https://imagej.nih.gov/ij/ NA

Trimmomatic http://www.usadellab.org/

cms/?page=trimmomatic

version 0.35

FLASH http://www.flash.cn version 1.2.11

QIIME split_libraries http://qiime.org/scripts/

split_libraries.html

version 1.8.0

UCHIME http://drive5.com/uchime/

uchime_download.html

version 2.4.2

Vsearch https://github.com/torognes/

vsearch/releases

version 2.4.2

Trimmomatic http://www.usadellab.org/

cms/?page=trimmomatic

Version 0.36

Hisat 2 http://daehwankimlab.github.io/

hisat2/download/

Version 2.2.1.0

DESeq https://www.bioconductor.org/

packages//2.10/

bioc/html/DESeq.html

Version 1.18.0

Progenesis QI https://www.nonlinear.com/

progenesis/qi/download/

Version 2.3

GraphPad Prism https://www.graphpad.com/ Version 6.01

Other

KEGG Database https://www.kegg.jp/ NA
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Rushi Liu (liurushi@hunnu.edu.cn).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d 16S rDNA gene sequencing data have been deposited at NCBI and are publicly available as of the date

of publication. The accession number is SAMN23929712.

d The original codes are deposited in NCBI with this link: NCBI: https://submit.ncbi.nlm.nih.gov/subs/sra/

SUB10792714/overvie, Sequence Read Archive (SRA) submission: SUB10792714.
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Healthy male Balb/c mice (6-week-old) were obtained from SLAC LABORATORY ANIMAL. Animal study

protocols were approved by the ethics committee Board of Hunan Normal University. All animals were

housed under specific pathogen-free (SPF) conditions according to the National Institutes of Health’s

Guide for the Care and Use of Laboratory Animals (NIH Publications no. 8023, revised 1978).

METHOD DETAILS

Synbiotic

The synbiotic applied in this study was constituted of FOS (P95S) By Changsha Tian’an Biotechnology Co.,

LTD and 8 probiotic strains, including Lactobacillus acidophilus TYCA06, Lacticaseibacillus rhamnosus F-1,

Limosilactobacillus reuteri GL-104, Lactobacillus bulgaricus 11842,45 Bifidobacterium adolescentis BH-20,

Bifidobacterium longum BC536, Bifidobacterium animalis bb12, and Streptococcus thermophilus By

Shaoshan Changbaitong Biotechnology Co., LTD. Finally, the FOS and the probiotics were evenly mixed

under aseptic conditions to obtain the specific synbiotic used in this study.16

Mouse models

After a week of adaptation to the laboratory conditions, themice were assigned to three groups, as Control

group, AOM/DSS-induced CAC group (AOM/DSS), and synbiotic-treated CAC group (AOM/

DSS_Synbiotic) (n=10). The AOM/DSS group and AOM/DSS_Synbiotic group were given a single intraper-

itoneal injection of 10 mg/kg AOM (Sigma-Aldrich, A5486), then administered 2.5% DSS drinking water on

the 2nd, 5th and 8th week of the experiment, and given routine aqueous solution provided at other time.22

Based on our experience in previous studies,16 the mice in AOM/DSS_Synbiotic group were daily admin-

istered with the synbiotic (FOS 2 g/kg b.w. + probiotics 109 CFU/kg b.w.) by gavage every day (this dose

was well-tolerated for weeks of administration in adult inbred mice and had no significant effect on health

status.), and mice of the other two groups were gavaged with sterilized water. During this period, all the

mice were fed with ordinary rodent fodder. Body weight was weighed once a day. At the 10th week, the

mice were euthanized, and the colon was collected and measured, and then the colon was cut longitudi-

nally and the intestinal contents were collected for metabolism analysis. Finally, washed the colon with PBS,

counted the number of tumors and measured the diameter. The 2 cm colon under the caecum was cut out

as specimens for microbiota detection and transcriptome sequencing, and the distal 1 cm colon was cut

and fixed with 10% formalin. Protein or RNA were extracted from the rest of the intestine, and performed

Western blot or quantitative PCR analysis.

Histopathological analysis

The colon tissues were embedded in paraffin. 3 mm-thick sections were sliced from routinely with a semi-

automatic paraffin microtome for hematoxylin-eosin staining (HE staining) and immunohistochemistry. HE

staining were performed as previously described.16 Briefly, 3 mm-thick sections were de-paraffinized with

xylene solutions I and II (each for 10 min), rehydrated through anhydrous ethanol I and II, 95% alcohol,

and 85% alcohol (each for 5 min) in sequence, rinsed with tap water for 5 min; and then counterstained

with hematoxylin for 5 min, dehydrated with 85% alcohol for 1 min and counterstained with eosin for

3 min. Following, the sections were placed in 80% alcohol, 90% alcohol, and absolute ethanol I and II

(each for 1 min) for dehydration. After the slices were air-dried, make it transparent with xylene for 5 min

and seal with neutral gum. The number of mice samples in each group is not less than 5, and each mouse

randomly selected more than 5 fields of view under a 20-fold objective lens for analysis. The images were

captured by an optical microscope and evaluated by two independent researchers.

Immunohistochemistry (IHC) analysis

Ki67 expression was determined by immunohistochemistry. 3 mm-thick sections were removed with xylene,

rehydrated with graded alcohols, and then treated with 0.01M sodium citrate for antigen retrieval. Sections

were incubated with 3% hydrogen peroxide for 15 min in the dark to quench endogenous peroxidase

activity, and then incubated with goat serum for 30 min at room temperature for blocking. Sections were
16 iScience 26, 106979, June 16, 2023
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incubated with primary antibody (diluted 1:300) at 4�C, and then rinsed four times with PBST. Then, these

sections were incubated with HRP-conjugated secondary antibodies (diluted 1:1000) for 45 min at 37�C,
rinsed four times with PBST again. DAB (ZLI-9017, ZSGB BiioCo.Ltd., Beijing, China) was added for 1 min

and immediately were terminated with tap water after color development. The slides were washed four

times with PBST and counter stained with hematoxylin for 90s. The sections were finally dehydrated in

graded alcohols, soaked in xylene, and fixed in neutral balsam. The pictures were taken by a light

microscope (Olympus CX41) and the optical density was analyzed by using the Image J software

(https://imagej.nih.gov/ij/).

Western blot analysis

The tissue lysate was added to the mouse colon according to 200 mL/10 mg tissue standard. The tissue

lysate was fully ground on ice with a tissue homogenizer, and then stood for 30 min to fully lyse the tissue.

Then the supernatant was centrifuged at 12000 g at 4�C for 15 min, and the supernatant was collected. The

BCA kit (CW0014S, CWBIO Co. Ltd) was applied to determine the concentration of the protein sample,

SDS-PAGE electrophoresis was performed, and then the proteins on the gel was transferred to the

PVDF membrane. Then the PVDF membrane was put into a heat-sealable plastic bag with 5 mL of 5%

skimmed milk, for 1.5 h at room temperature. After blocking, the membranes were incubated with primary

antibody (diluted as 1:1000) against at 4�C overnight, and was washed in TBST (100 mmol/L Tris$HCl, 0.9%

(m/V) NaCl, 0.2% Tween 20, pH 7.5) 3 times for 5 min each. Following, PVDF membrane was incubated in

the enzyme-conjugated secondary antibody (at a dilution of 1:5000 (goat anti-rabbit IgG, AP132P, Millipore

Co. Ltd.; goat anti-mouse IgG, abs20001, Absin Bioscience Co. Ltd., China) at room temperature for 40min,

and was washed in TBST buffer 3 times for 5 min each. The PVDF membrane was dropped with ECL chem-

iluminescence solution (130231, Monad Biotech. Co. Ltd., China), and scanned with Tanon 5500 system

(Tanon Co. Ltd., Shanghai, China) to develop specific protein band. Finally, the quantitation analysis was

performed using ImageJ software and normalized to b-actin band intensity on the same membrane. The

primary antibody against b-actin, Occludin, ZO-1 and TNF-a were purchased from Proteintech Inc., China,

and the other primary antibodies were purchased from Abmart medical technology (Shanghai) Co., Ltd,

China.

Real-time fluorescence quantitative PCR analysis

TRIzol reagent was used (Beijing Ding-guo-chang-sheng Biological, China) to extract total RNA according

to the kit instructions. Then the RNA was quantified using SynergyHTX microplate reader (Borton, USA),

and then cDNA synthesis was performed using Evo M-MLV RT Kit with gDNA Clean for qPCR (Accurate

Biology, China). Real-time fluorescent quantitative PCR was performed with SYBR Green Premix Pro Taq

HS qPCR Kit (Accurate Biology, China) on CFX96� quantitative PCR instrument (Bio-Rad). The primer

sequence was shown in Table S1. The data of the real-time fluorescence quantitative PCR was analyzed

by the 2- D D Ct method, and the data was normalized by the results of GAPDH gene amplification.

Microbial community analysis

The mouse colon mucosal tissue microbes were isolated and the total genomic DNA was extracted with

QIAGEN DNA Extraction kit following the instructions. Extracted DNA was diluted to a concentration of

1 ng/mL, and Extracted DNA was diluted to a concentration of 1 ng/ul and used as template for PCR ampli-

fication of bacterial 16s rDNA with barcoded primers and Takara Ex Taq (Takara) for amplicon sequencing.

The 16s rDNA V3-V4 variable region was amplified using universal primers 343F and 798R. After 2 rounds of

PCR, the final amplicons were purified with AMPure XP beads (Agcourt), and Quantification was performed

using the Qubit dsDNA kit. Equal amounts of purified amplicon were pooled for subsequent sequencing

on Illumina MiSeq, conducted by OE Biotech Company (Shanghai, China). The Trimmomatic software

(version 0.35) was used to remove the original double-end sequence, and the FLASH (version 1.2.11) soft-

ware was used to splice the double-ended sequence after the removal. The maximum overlap during

sequence splicing was 200 bp, and the complete paired end sequence was obtained. Then the split_libra-

ries (version 1.8.0) software in QIIME was used to remove the sequence containing N bases in the paired

end sequence, the sequence with single base repeat greater than 8 was removed, the sequence with length

less than 200bp was removed, and the clean tags sequence was obtained. Then UCHIME (version 2.4.2)

software was applied to remove the chimera in clean tags, and finally valid tags were obtained for OTU di-

vision later. After the sequencing data was preprocessed to generate high-quality sequences, Vsearch soft-

ware (version 2.4.2) was used to classify the sequences intomultiple OTUs based on the 97% similarity of the

sequences. QIIME software was used to select the representative sequences of each OTU, and all
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representative sequences were compared with the database Greengenes. RDP classifier software was used

to annotate and compare (0.7 confidence values as cutoff). The samples were analyzed for Alpha diversity

and Beta diversity.
Transcriptome analysis of intestinal mucosa

The total RNA of the samples was extracted using mirVana�miRNA ISOlation Kit (Ambion-1561), and the

DNA in the sample was digested with DNase, and then Oligo (dT) magnetic beads were used to enrich

the mRNA. The Trustee Stranded mRNA LTSample Prep Kit (Illumina, RS-122-2101) was used to purify

the mRNA, then the mRNA was split into fragments. The first strand cDNA with six base random primers

was synthesized, and then the second strand cDNA was synthesized and purified. The purified double-

stranded cDNA was then repaired, and added with A tail, and then connected to the sequencing adapter.

Then, the appropriate fragment size was selected. Finally, PCR amplification was performed. After the con-

structed library was qualified by the Agilent 2100 Bioanalyzer, it was sequenced using the Illumina HiSeqTM

2500 sequencer to generate 125 bp or 150 bp paired-end data. The sequencing and transcriptome analysis

were conducted by OE Biotech Company (Shanghai, China). In order to obtain high-quality reads that

could be used for subsequent analysis, further quality filtering was performed on raw reads. Firstly, Trim-

momatic software (Version 0.36) was used for quality control and the adapters were removed, then low-

quality bases and N-bases were filtered out, and finally high-quality clean reads were obtained. Hisat

2(Version 2.2.1.0) software were applied to compare clean reads to the reference genome of the species,

and evaluate the sample based on the genome comparison rate. The result of comparing clean reads with

the reference genome was stored in a binary file. The gene FPKM expression value was quantified using

cufflinks software. When calculating the difference in gene expression, the number of reads that fall into

each sample was obtained through the htseqcount software, and the estimated Size Factors function of

the DESeq (Version 1.18.0) R package is used to normalize the data, and the nbinom.test function was

used to calculate the p value and foldchange value of the difference comparison. The differential genes

with a p value of less than 0.05 and a multiple of difference greater than 2 was selected, and the KEGG

(http://www.genome.jp/kegg/) enrichment analysis of the differential genes was performed to determine

the biological functions or pathways that the differential genes mainly affect. At the same time, unsuper-

vised hierarchical clustering of differential genes was performed, and the expression patterns of differential

genes among different samples were displayed.
LC/MS non-targeted metabolome analysis

Metabonomic analysis of mouse intestinal contents were carried on with Dionex U3000 UHPLC (Thermo

Fisher Scientific) ultra-high performance liquid phase tandem QE plus (Thermo Fisher Scientific) high-res-

olutionmass spectrometer composed of liquid-mass spectrometry system. It was conducted byOE Biotech

Company (Shanghai, China). The raw data was processed by the metabolomics processing software Pro-

genesis QI v2.3 (Nonlinear Dynamics, Newcastle, UK) for baseline filtering, peak identification, integration,

retention time correction, peak alignment and normalization. For the extracted data, the ion peaks with

missing values (0 value)> 50% in the group were deleted, and the 0 value with half of the minimum value

was replaced. The compound was scored according to the compound qualitative results (Score), and

then the compound was qualitatively obtained for screening, and the screening standard was 40 points

(full score is 60 points), and the qualitative results were deemed inaccurate and deleted if the score was

less than 40 points. Finally, the positive and negative ion data was combined into a data matrix table, which

contained all the information extracted from the original data that could be used for analysis, and

subsequent analysis was based on this including multivariate statistical analysis, univariate statistical

analysis, differential metabolite screening and metabolic pathway enrichment analysis.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean G standard error of the mean (SEM). All data were analyzed using GraphPad

Prism 6.01 (GraphPad Software, USA). The data were analyzed for normal distribution before performing

statistical analysis. In microbiota analysis, the differences between the two groups were statistically

analyzed by Wilcoxon Rank-Sum test, and the differences between the other two groups were statistically

analyzed by two-way unpaired Student’s t test. A p< 0.05 was considered as statistical difference. Statistical

parameters are shown with p value: *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.
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